A role for mitochondrial glycerol-3-phosphate dehydrogenase (mGPD) in thermogenesis was investigated in transgenic mice lacking the mGPD gene (mGPD ؊/؊ ). Reared and studied at 22 C, these mice have a small, but significant, reduction (7-10%) in energy expenditure, as evidenced by oxygen consumption (QO 2 ) and food intake, and show signs of increased brown adipose tissue (BAT) stimulation, higher plasma T 4 and T 3 concentrations, as well as increased uncoupling protein 3 (UCP3) expression in muscle. When acclimated at thermoneutrality temperature (32 C), QO 2 decreased in both genotypes, but the difference between them widened to 16%, whereas BAT underwent atrophy, and plasma T 4 and T 3 levels and UCP3 mRNA decreased, yet T 3 and UCP3 persisted at significantly higher levels in mGPD ؊/؊ mice. Such differences disappeared when the mice were rendered hypothyroid. A compensatory role for the observed changes in BAT, thyroid hormone levels, and UCP3 was investigated with a 2-h cold challenge of 12 C in euthyroid and hypothyroid mice. No hypothermia ensued if the mice had been acclimated at 22 C, but when acclimated at 32 C, euthyroid mGPD ؊/؊ mice became significantly more hypothermic than the wild-type controls. When rendered hypothyroid, this difference was accentuated, and the mGPD ؊/؊ mice developed profound hypothermia (ϳ28 vs. 34 C in wild-type mice; P < 0.001). Thus, mGPD-deficient mice have, despite increased plasma T 4 and T 3 , a small, but distinct, reduction in obligatory thermogenesis, which is compensated by increased BAT facultative thermogenesis and by thyroid hormone-dependent mechanisms using other pro- T HERMOGENESIS, the generation of heat by the body, is crucial to maintain body temperature in homeothermic species. Thermogenesis can be the obligatory consequence of the energy transformations inherent to life (obligatory thermogenesis) or can be produced as an adaptive response to maintain body temperature in homeothermic species exposed to cold (facultative or adaptive thermogenesis). Obligatory thermogenesis is greater in homeothermic than in poikilothermic species, and such a difference results in part from a more active metabolism (more energy transactions and ATP turnover) and in part from a lower thermodynamic efficiency of the homeothermic machine (1, 2). Both clinical and experimental evidence indicate that thyroid hormone is necessary to realize the higher thermogenic potential of homeothermic species (reviewed in Ref. 3) . Thus, thyroid hormone increases ATP turnover and reduces the thermodynamic efficiency of both muscle contraction (4) and muscle ATP synthesis (5).
T HERMOGENESIS, the generation of heat by the body, is crucial to maintain body temperature in homeothermic species. Thermogenesis can be the obligatory consequence of the energy transformations inherent to life (obligatory thermogenesis) or can be produced as an adaptive response to maintain body temperature in homeothermic species exposed to cold (facultative or adaptive thermogenesis). Obligatory thermogenesis is greater in homeothermic than in poikilothermic species, and such a difference results in part from a more active metabolism (more energy transactions and ATP turnover) and in part from a lower thermodynamic efficiency of the homeothermic machine (1, 2) . Both clinical and experimental evidence indicate that thyroid hormone is necessary to realize the higher thermogenic potential of homeothermic species (reviewed in Ref. 3) . Thus, thyroid hormone increases ATP turnover and reduces the thermodynamic efficiency of both muscle contraction (4) and muscle ATP synthesis (5) .
Several lines of evidence suggest a role for mitochondrial glycerol-3-phosphate dehydrogenase (mGPD; EC 1.1.99.5) in thermogenesis. This enzyme is a flavin adenine dinucleotidelinked dehydrogenase, located on the outer surface of the inner mitochondrial membrane that directly transfers reducing equivalents (H ϩ , e Ϫ ) into the complex III of the respiratory chain (6, 7) . The interconversion between dihydroxyacetone-3-phosphate (DHAP) and glycerol-3-phosphate (G3P) plays an important role in intermediary metabolism. DHAP serves as a transient acceptor of reducing equivalents generated in the cytoplasm and transferred from NADH [and NADPH (8) ] to DAHP, in a reaction catalyzed by the cytoplasmic G3P dehydrogenase (EC 1.1.1.8). The resulting G3P is reoxidized to DHAP by the mGPD. The two G3P dehydrogenases constitute the G3P shuttle, which, along with the malate-aspartate shuttle, transfers reducing equivalents from cytoplasm to mitochondria (9) . The G3P shuttle thus allows the rapid generation of ATP in aerobic conditions. Because the reducing equivalents from G3P enter the respiratory chain in complex III, only two, instead of three, ATPs are generated per atom of oxygen or pair of electrons (7) , that is the efficiency of ATP generation by this pathway is lower than when the reducing equivalents enter the respiratory chain in complex I. Accordingly, the expression of mGPD is particularly high in tissues that require rapid generation of ATP, such as the flight muscle of insects, sperm cells, and pancreatic ␤-cells, but also in tissues producing heat, such as brown adipose tissue (BAT). The mGPD is also expressed in several other tissues. In the mouse, skeletal muscle is next to Abbreviations: BAT, Brown adipose tissue; DHAP, dihydroxyacetone-3-phosphate; G3P, glycerol-3-phosphate; mGPD, mitochondrial glycerol-3-phosphate dehydrogenase; NE, norepinephrine; PTU, propylthiouracil; QO 2 , oxygen consumption; UCP3, uncoupling protein 3; WT, wild-type.
BAT as the tissue most rich in mGPD, followed by brain, kidney, and liver (10) . In skeletal muscle the G3P shuttle is much more important than the aspartate-malate shuttle (9) . The preferential use of this shuttle in muscle allows the rapid generation of ATP from NADH produced by glycolysis, limiting lactate accumulation and producing more heat than tissues where the malate-aspartate shuttle is more important (e.g. liver). The importance of the G3P shuttle in muscle has been demonstrated in cytoplasmic G3P dehydrogenasedeficient mice (11, 12) and is further demonstrated here.
An additional reason to consider a contribution of mGPD to obligatory thermogenesis is its stimulation by thyroid hormone in several tissues (13) . Actually, there is a good correlation between the stimulation of oxygen consumption (14) and that of mGPD activity or mRNA by thyroid hormone in rat tissues (13, 15) . Moreover, the hormone does not stimulate mGPD in species where it does not stimulate oxygen consumption, despite the presence in these species of thyroid hormone receptors and the control by thyroid hormone of development and other aspects of physiology (16) . Although these observations do not establish a cause-effect relationship between thyroid hormone thermogenesis and mGPD, they suggest that the enzyme is somehow necessary for the thermogenic effect of thyroid hormone.
To investigate a role for mGPD in thermogenesis and temperature homeostasis, we have performed the studies we report here in transgenic C57BL/6J mice with targeted disruption of the mGPD gene (17) . When the present studies were in progress, Brown et al. (18) described the phenotype of mice with targeted disruption of the mGPD gene. Their mGPD Ϫ/Ϫ mice had reduced viability, lower weight, and glycemia, among other differences, with the cognate wildtype genotype, but they did not seem to have a gross thermogenic defect and responded to thyroid hormone as the wild-type phenotype. However, as many biochemical mechanisms contribute to thermogenesis (reviewed in Ref. 19) , the possibility of compensations should be considered. The body maintains its core temperature adjusting the level of facultative thermogenesis to the level of obligatory thermogenesis and can increase or decrease heat loss (3, 20) . Thus, the lack of hypothermia or of reduced total energy expenditure in transgenic animals lacking a given gene, e.g. mGPD or uncoupling protein 3 (UCP3) (21), does not exclude the participation of that gene in thermogenesis. To define the role of each putative thermogenic gene in temperature homeostasis requires consideration of all factors contributing to thermal balance as well as compensations and responses to challenges. We report here that mGPD-deficient mice have a thermogenic deficiency that activates compensatory mechanisms.
Materials and Methods Animals
All studies reported here were approved by the McGill University animal research committee. Mice with targeted disruption of the mGPD gene were those described by Eto et al. (17) . A neomycin resistance gene was substituted for exon 5 in a genomic clone from the BALB/c mouse that contained exons 4, 5, and 6 of the mGPD gene. The resulting DNA, cloned in the appropriate vector, was then inserted by homologous recombination in the genome of TT2 mouse embryonic stem cells. The genome of these cells is 50% C57BL/6J and 50% CBA (22) . Targeted cells where then injected in C57BL/6J blastocysts to obtain chimera mice. The mice were crossed with C57BL/6J mice to obtain heterozygous mice, which were backcrossed into the C57BL/6J background. Heterozygous breeding couples with a genetic background greater than 96.9% C57BL/6J (five rounds of backcrossing with this strain) were shipped from Japan to our laboratory to create our own colony by inbreeding. Wild-type (WT; mGPD ϩ/ϩ ) and homozygous mGPD null mice (mGPD Ϫ/Ϫ ) were obtained by crossing heterozygous (mGPD ϩ/Ϫ ) males either with mGPD ϩ/ϩ or mGPD Ϫ/Ϫ females. Mice were housed at a maximum of five per cage. They were fed ad libitum and were reared and kept at 22 Ϯ 1 C on a 12-h light, 12-h dark cycle, unless noted otherwise. Genotype was determined by PCR in DNA obtained from the tail tip around the time of weaning (17) . Mice were subsequently segregated by genotype and gender for future breeding and/or experiments. The lack of mGPD activity in the mGPD Ϫ/Ϫ genotype was confirmed by direct assay of the enzyme in isolated mitochondria as described previously (23) . All experiments described here are comparisons between males homozygous mGPD ϩ/ϩ or mGPD Ϫ/Ϫ and were performed in mice 3-4 months old. Mice selected for an experiment were matched by age within 15 d. As Brown et al. (18) , we find that the weight of mGPD Ϫ/Ϫ males is lower than that of WT, although the difference in our mice was less marked. Thus, between 3 and 5 months of age, the difference is 5-10%, so age matching did not result in significant weight differences within experiments. Where indicated below, in experiments testing cold tolerance, mice, in addition, were carefully matched by weight.
Hypothyroidism was induced with an iodine-deficient diet containing 0.15% propylthiouracil (PTU), obtained from Harlan Teklad Co. (Indianapolis, IN). Controls were given the same diet lacking PTU and supplemented with potassium iodate. T 3 or T 4 dissolved in mildly alkaline saline containing 0.1% BSA, or this vehicle, was injected ip or sc in the dose regimens described with individual experiments.
Energy expenditure
This was measured by indirect calorimetry in an open-circuit system (Oxymax System, Columbus Instruments, Inc., Columbus, OH). Airflow through airtight cages housing individual mice was kept constant with a computer-operated pump at 0.65 liter/min. O 2 and CO 2 concentrations were detected with appropriate electrodes in the incoming and outgoing air. The timing and duration of sampling were programmed in a computer. The concentrations of O 2 or CO 2 , along with the weight of the mice and the measuring parameters were fed into the computer that calculated oxygen consumption (QO 2 ) and carbon dioxide production rates per unit of time and weight, as well as the respiratory quotient. An exponent of 0.7 was used for expression of gases exchange by weight, and unless otherwise indicated, QO 2 and carbon dioxide production were expressed in milliliters per hour ϫ 100 g Ϫ0.7 (20) . Animals were allowed to adjust to the chamber for 1 h, and measurements were performed for 2-6 h to accumulate at least 10 readings/mouse, between 1000 and 1600 h. As animals are not restrained and move freely in the plastic chamber, physical activity, usually consisting of displacements and grooming, was an additional source of variability in the measurements (20) . To minimize the effect of activity, usually occurring in spurts, we measured the total amount of O 2 consumed over the whole period of observation and calculated the QO 2 rate from the slope of the accumulation over time, corrected by weight as indicated above. This approach minimizes the effect of bursts of activity, because these will only shift up the curve, but will not substantially affect the slope unless those spurts occur repeatedly and in sequence. As shown in Fig. 1 , A-C, the cumulative oxygen consumption was indeed linear with time. Measurements were made at a constant set temperature Ϯ0.1 C, as indicated for each experiment, for which with the system was installed in a walk-in environmental chamber (SureTemp, Raleigh, NC).
Body and BAT temperature
Core body temperature was measured with a flexible rectal probe (YSI 423, Yellow Springs Instrument Co., Dayton, OH), which was connected to a high precision thermometer (YSI Precision 4000A thermometer). Animals were not anesthetized or sedated and were restrained for not longer than 30 sec for the measurement. A small rubber ring placed at 2.5 cm of the tip of the probe ensured uniformity in the depth the probe was introduced into the rectum. The effects of constant jugular infusion of norepinephrine (1.25 nmol/min or 1.14 nmol/l at 1.1 l/ min) on BAT temperature was measured as described previously (24) along with rectal temperatures.
Blood and tissue sampling
Mice were killed by exsanguination under light isoflurane anesthesia immediately after ending in vivo experiments. Blood was allowed to coagulate at room temperature, and cleanly collected serum was stored at Ϫ20 C until analyzed. Total T 4 and T 3 levels were measured by RIA using commercial kits (Diagnostic Products, Los Angeles, CA) with the modifications described previously to adapt it for use with mouse serum (25) . The serum free fatty acid concentration was measured with a commercial kit (NEFA C, Wako Chemicals, Richmond, VA). Tissues were snap-frozen in liquid nitrogen and kept at Ϫ80 C until analyzed for mRNAs, DNA, protein, G3P, or enzyme activities. G3P was measured as described previously (26) . For histological exam, tissues were placed in buffered 3.7% formaldehyde immediately after harvesting.
RNA isolation and PCR analysis
Tissue RNA was extracted with acid guanidinium-phenol-chloroform (27) , quantified by absorbance at 260 nm, and stored in diethylpyrocarbonate-treated water at Ϫ80 C until further analysis. The integrity of RNA was routinely verified by agarose gel electrophoresis. mRNAs of interest were quantified by competitive RT-PCR, using primers and competitors described below. This method uses a competitor DNA with identical ends to the target cDNA, but with different internal sequence. Such internal sequence is from v-erbB (PCR MIMIC kit, Clontech Laboratories, Inc., Palo Alto, CA) and spans a segment of DNA within Ϯ30% the size of the test cDNA product. The design of competitor mimics has been described previously (28 -30) . RT was performed on 1 g RNA using random primers. An aliquot of the RT reaction was then submitted to PCR amplification with the appropriate primers and competitors. The primers, sizes of the PCR products, and accession numbers of the target sequences are presented in Table 1 . Three pooled RNA aliquots were routinely sham reverse transcribed (i.e. reverse transcriptase omitted) to ensure the absence of products other than those from the reverse transcribed mRNAs. PCR products were resolved in 1% or 2% agarose gel electrophoresis, stained with ethidium bromide, and quantified by video densitometry. The amount of specific mRNAs was calculated from the signal intensity ratio of the test mRNA over that of competitor, corrected by the difference in size between them and by the size of the aliquots, and expressed in attomoles of mRNA per microgram of total RNA. PCR cycles were adjusted to be in the linear part of PCR product accumulation. ␤-Actin mRNA was measured to ensure the uniformity of RNA aliquots (for the validation of these assays, see Refs. 29 and 30).
Western blot analysis of BAT and skeletal muscle mitochondria
Mitochondria were isolated by standard differential centrifugation. All procedures were carried out at 0 -4 C. BAT was homogenized in 0.32 m sucrose and 3 mm MgCl 2 (31) , and muscle (tibialis anterior) was homogenized in 180 mm KCl, 10 mm EDTA, 5 mm MgCl 2 , 1 mm ATP, 50 mm Tris-HCl (pH 7.4), and 0.06% protease inhibitor cocktail (32) . Mitochondria were obtained by centrifugation of the 1,000 ϫ g homogenate at 12,000 ϫ g for 10 min. The pellet was washed once and submitted to analysis. Protein was assayed with a Bio-Rad protein assay kit (Richmond, CA) using BSA as standard. Twenty (BAT) or 40 g mitochondrial protein was resolved in 12% polyacrylamide SDS-PAGE and electrotransferred to a nitrocellulose membrane. Antirat UCP1 primary antibody has been described (31) and was used at a dilution of 1:2,000. Antihuman UCP3 primary antibody was commercially available (Chemicon, Temecula, CA) and used at a dilution of 1:250. The signals were detected with goat antirabbit IgG and a standard ECL kit (Amersham Pharmacia Biotech, Arlington Heights, IL).
Other tissue measurements
DNA and tissue protein content were measured by a standard methods (33, 34) . Histological analysis was performed in freshly fixed tissue samples stained with hematoxylin-eosin or Sudan Black (for fat).
Statistical analysis
Results are expressed as the mean Ϯ sem. Experiments involving several treatments (i.e. times and doses) were analyzed by ANOVA, followed by post hoc tests for multiple comparisons (Newman-Keuls). Two-way ANOVA was used to compare the effects of treatments on two experimental groups (e.g. two genotypes or thyroid status). Individual means were then compared by Bonferroni's test if across experimental groups or by Newman-Keuls test if within one experimental group.
Results

Measures of energy balance and thermogenesis at 22 C
Mice were reared and housed at the usual temperature of the vivarium (21-23 C), and all measurements were per- Table 2 ) with the combined measurements of seven mice in each group. Slopes have been expressed per hour, as in Table 2 .
formed at 22 Ϯ 0.1 C. The thermoneutrality temperature for mice is about 30 C (20); hence, 22 C represents a significant, albeit not extreme, cold stress. This was considered a favorable situation to make evident the recruitment of adaptive mechanisms in the event the mGPD Ϫ/Ϫ genotype was associated with a thermogenic defect. Most relevant results are summarized in Table 2 . As reported previously (17, 18) , body weight was significantly lower in mGPD Ϫ/Ϫ mice, by about 5% (P Ͻ 0.01), which, as reported recently (18), was due not to different body composition but to smaller body size. Food intake was also reduced, even if corrected by weight, by about 10% (P ϭ 0.03), at variance with Brown et al. (18) . The results of measurements of QO 2 , performed weeks apart, in three separate groups of mice show a small, but significant, reduction in total energy expenditure of about 7% in mGPD Ϫ/Ϫ mice, with remarkable good agreement of the values. Such reduction in energy expenditure is consistent with and not significantly different from the reduction in food intake associated with the lack of mGPD (Ϫ10.2%). Core body temperature was well maintained in these mice kept in a 22 C environment, confirming the findings presented by Brown et al. (18) .
This small difference in energy expenditure could result from reduced basal metabolic rate, reduced thermogenesis, or physical activity. Nonexercise physical activity (e.g. grooming and displacement in the cage) has been reported not to be affected by the lack of mGPD in another study (18) , so that the difference is more likely to result from reduced basal metabolic rate (i.e. reduced obligatory thermogenesis), reduced facultative thermogenesis, or both. If a reduction in obligatory thermogenesis is the primary consequence of the lack of mGPD, this is expected to activate facultative thermogenesis (20) and possibly other mechanisms involved in obligatory thermogenesis. In addition, the experimental prevention of such putative compensatory mechanisms could uncover the real impact of the lack of mGPD on thermogenesis and temperature homeostasis. The following experiments and measurements were aimed to investigate these possibilities.
Ambient temperature-dependent changes in mGPD
Ϫ/Ϫ mice Thermoneutrality temperature is defined as the ambient temperature at which body temperature can be maintained only with obligatory thermogenesis (20) , without the participation of facultative thermogenesis or heat-saving or heatdissipating mechanisms. As indicated above, this temperature is 30 C for mice (20) . Consequently, we studied mGPD Ϫ/Ϫ mice after acclimation to 32 C for 3 wk. This temperature, 2 C over the thermoneutrality point, was chosen in the event that modestly reduced thermogenesis in mGPD Ϫ/Ϫ mice could have moved up their thermoneutrality point.
Acclimation to 32 C was associated with a marked reduction in QO 2 , as illustrated in Fig. 2 . The results of the three experiments performed at 22 C (Table 2) respectively. The mean reduction in QO 2 in mGPD Ϫ/Ϫ mice in the three experiments performed at 22 C was 6.9% and remained statistically different despite being three separate experiments (P Ͻ 0.02). Acclimation at 32 C was associated with 26% and 35% decreases (P Ͻ 0.001 for both genotypes) in QO 2 in WT and mGPD Ϫ/Ϫ mice, respectively. The values at 32 C were 147.5 Ϯ 7.4 and 122.7 Ϯ 8.1. Not only did the difference between the two genotypes remain significant, but it also widened to Ϫ16.9%. Table 3 shows the serum concentrations of T 4 and T 3 in both genotypes. At 22 C, both hormone concentrations were significantly higher (ϳ20%) in mGPD Ϫ/Ϫ than in WT mice. With acclimation to 32 C, both hormone concentrations decreased, T 3 by as much as 35% (P Ͻ 0.001), and T 4 by less and not significantly. At 32 C, there was no difference between the two genotypes in T 4 concentrations, but T 3 continued to be significantly higher in mGPD Ϫ/Ϫ mice. To prove that the differences in serum thyroid hormone concentrations were not due to changes in either plasma binding or clearance, hypothyroid mice (3 wk on a low iodine-PTU diet) were given two daily sc injections of T 4 totaling 15 ng/g⅐d for 1 wk. They were killed approximately 16 h after the last injection. As shown in the last row of Table 3 , the levels of T 4 and T 3 were in the euthyroid range and were not affected by genotype. Figure 3 shows the effects of genotype and ambient temperature on muscle UCP3 expression. UCP3 mRNA levels were significantly increased (ϳ2-fold) in skeletal muscles of mGPD Ϫ/Ϫ mice. The differences were highly significant (P Ͻ 0.0001). UCP3 mRNA decreased significantly with acclimation at 32 C, but the differences between genotypes persisted (P Ͻ 0.01). UCP3 (protein) was also approximately 2-fold elevated in the tibialis anterior muscle of mGPD Ϫ/Ϫ mice when expressed as concentration, i.e. per mitochondrial protein or per whole muscle. Others have also found a good correlation between UCP3 mRNA and protein, including their responses to thyroid hormone (35) . As it has been reported that UCP3 mRNA levels can be increased by free fatty acids, we measured their concentrations in serum samples from these mice. They were virtually identical [WT, 788.2 Ϯ 28.48 (n ϭ 5); mGPD Ϫ/Ϫ , 804.4 Ϯ 32.82 (n ϭ 7) Eq/liter]. BAT is the main site of facultative nonshivering thermogenesis in small rodents and is expected to be active in mice acclimated at 22 C, 8 C below thermoneutrality (36, 37) . Furthermore, the degree of stimulation of BAT will depend on the need of facultative thermogenesis, being inversely related to obligatory thermogenesis. For example, in conditions where obligatory thermogenesis is reduced or increased, such as hypothyroidism or hyperthyroidism, the tissue will show, respectively, signs of enhanced (38) or reduced stimulation (39) . The histological appearance of BAT in WT and mGPD Ϫ/Ϫ mice is shown in Fig. 4 . There is a striking difference between mice maintained at 22 C and those acclimated at 32 C for 3 wk. At 32 C, reflecting the quiescence of BAT, fat is accumulated in large droplets, much as it is found in white adipose tissue. At 22 C, the tissue shows evidence of being active, with its typical multilocular fat accumulation, more cytoplasm, and bigger nuclei. At this temperature there are differences between the two genotypes: BAT of mGPD Ϫ/Ϫ mice has lower fat content, smaller and more numerous fat droplets per cell (confirmed with Sudan Black staining; data not shown), as well as more cytoplasm and bigger nuclei. The mass of interscapular BAT normalized to 100 g body weight was not different between genotypes, but the DNA and protein contents per gram of tissue were significantly higher in the mGPD Ϫ/Ϫ mice (Table  4) , consistent with the greater cell density and lower fat content per cell in BAT of these mice, as shown in Fig. 4 . UCP1 was increased by 22% (P ϭ 0.041). These changes are indicative of chronic increased sympathetic stimulation (40). Table 2 with their combined mean and SEM (200.8 Ϯ 3.25 and 187.1 Ϯ 4.3 for the WT and mGPD Ϫ/Ϫ genotypes, respectively). Measurements at 32 C were made after a 3-wk acclimation to this ambient temperature. Results are the mean of two consecutive measurements in seven mice per genotype. The values at 32 C were 147.5 Ϯ 7.4 (n ϭ 14) and 122.7 Ϯ 8.1 (n ϭ 14). Data were analyzed by ANOVA, followed by Newman-Keuls test for multiple comparisons. 
Effect of ambient temperature and thyroid status on acute cold adaptation
Together, the previous observations suggest that mGPD Ϫ/Ϫ mice have lower obligatory thermogenesis, so that when acclimated at 22 C they need more BAT facultative thermogenesis to maintain their body temperature. Furthermore, we observed an increase in serum T 4 and T 3 concentrations in mGPD Ϫ/Ϫ mice as well as an increase in UCP3, suggesting the recruitment of other adaptive mechanisms.
The histological aspect of BAT in mGPD Ϫ/Ϫ suggests that the tissue is under a sustained higher adrenergic stimulation than in WT mice. The functional reflection of this is the preparedness of BAT to respond to adrenergic stimulation, what has being called recruitment by Nedergaard's group (41) . The acute thermogenic response of BAT was then tested by measuring the increase in temperature after a short infusion with norepinephrine (NE). Groups of mGPD Ϫ/Ϫ and WT mice (n ϭ 5 each) were infused with NE through a jugular catheter at 1.25 nmol/min for 30 min under anesthesia, whereas temperature was recorded with a BAT and a rectal probe (24) . The weight of the animals was nearly identical (WT, 29.9 Ϯ 1.9; mGPD Ϫ/Ϫ , 30.5 Ϯ 1.3 g). Results are shown in Fig. 5 . Both BAT and rectal temperature increased linearly with the time of infusion, and the increments were higher in BAT than in the rectum. In both anatomical locations, the increase in temperature was higher in mGPD Ϫ/Ϫ than in WT mice (P ϭ 0.01 and P ϭ 0.03, respectively). Note that the temperature increments are higher in BAT than in the rectum at all times. The same rate of saline infusion did not affect either BAT or rectal temperature (data not shown).
As shown above (Fig. 4) and previously by us (42) and others (43) , the acclimation of animals to thermoneutrality results in a marked reduction of BAT sympathetic stimulation. The expression of the UCP1 gene is promptly stopped after placing rats at this temperature (42) , and UCP1 decreases markedly over the course of several days (43) . Thus, acclimation of animals to thermoneutrality provides an opportunity to test temperature homeostasis without the participation of BAT. When small rodents so acclimated are acutely exposed to cold, their body temperature will be defended only by shivering thermogenesis for a day or more while BAT thermogenic capacity is being restored (44) . As depicted in Fig. 6A , when mice were acclimated at 22 C, i.e. when BAT was kept active, and they were acutely placed at 12 C, they maintained their core body temperature for 2 h, and the curves of both genotypes were superimposable. In contrast, when acclimated at 32 C for 3 wk, the same cold challenge induced hypothermia in both groups, but this was prompt and more marked (by Ն1 C) in mGPD Ϫ/Ϫ mice (P Ͻ 0.001; Fig. 6B 
FIG. 4. Histological appearance of BAT of WT and mGPD
Ϫ/Ϫ mice reared and maintained at 22 or acclimated at 32 C for 3 wk.
perature than WT mice, supporting a role for BAT-increased stimulation in the maintenance of core temperature at 22 C and also suggesting that shivering is less efficient than in WT mice as a means of maintaining core temperature.
As mGPD Ϫ/Ϫ mice acclimated at 32 C for 3 wk maintain higher serum T 3 levels and have more UCP3 mRNA in muscle than the WT genotype, we repeated the experiment in hypothyroid animals acclimated at 32 C (Fig. 6C) . Core temperature decreased more and faster in these mice than in euthyroid animals (note the difference in the y-axis), but the descent was faster and greater in mGPD Ϫ/Ϫ mice. After 90 min at 12 C, the core temperature was significantly lower in these mice; they became severely hypothermic at the end of the experiment, with a core temperature of approximately 28 C (vs. ϳ34 C in WT mice; P Ͻ 0.001).
Effect of the thyroid status and T 3 on energy expenditure and UCP expression
Our results show that mGPD Ϫ/Ϫ mice have modestly reduced energy expenditure despite a 15-20% increase in plasma thyroid hormone levels, suggesting that mGPD is necessary for thyroid hormone thermogenesis. On the other hand, Brown et al. (18) reported that mGPD-deficient mice rendered hyperthyroid increased their QO 2 similarly to the WT genotype. To test whether this was the case in our model, we performed the following experiment. Ten WT and 10 mGPD Ϫ/Ϫ mice were rendered hypothyroid for 4 wk as described in Materials and Methods, and half of them were treated with daily ip injections of 20 ng/g body weight T 3 , equivalent to approximately 5 times the daily production rate for 20 d, to induce moderate thyrotoxicosis. Controls were injected simultaneously with the corresponding volume of vehicle. Mice were kept at 22 C at all times. QO 2 was measured at various times during the treatment. Results are shown in Fig. 7 . Data obtained in euthyroid WT and mGPD Ϫ/Ϫ mice ( Table 2 and Fig. 2 ) are depicted for reference. Hypothyroidism was associated with the expected reduction in QO 2 , whereas T 3 treatment increased QO 2 within 3 d to a plateau approximately 40% higher than the euthyroid level. There was however no significant influence of genotype on the response of QO 2 to T 3 . Thus, our mGPD Ϫ/Ϫ model responded as that of Brown et al. (18) to moderate hyperthyroidism, indicating that that mGPD is not essential under these circumstances and that other proteins could compensate for the lack of the enzyme.
Hypothyroidism was associated with a decrease in UCP3 mRNA in both tibialis anterior and soleus muscles. In tibialis, values were 124 Ϯ 25 and 131 Ϯ 17 attomoles/g RNA for WT and mGPD Ϫ/Ϫ mice, whereas in soleus the corresponding values were 81 Ϯ 26 and 76 Ϯ 12 (Fig. 8) , compared with values of over 300 attomoles/g RNA in muscle of euthyroid mice kept at 22 C, as shown in Fig. 3 . The differences between 
FIG. 5. Effect of NE infusion on BAT and rectal temperatures of WT and mGPD
Ϫ/Ϫ mice. Animals were reared and maintained at 22 C at all times. NE was infused through an indwelling catheter placed in a jugular vein and were infused at a rate of 1.25 nmol/min. Animals were anesthetized with ketamine and xylazine, and kept over a heating pad set at 30 C during the procedure to prevent hypothermia and avoid shivering. See Materials and Methods and Ref. 24 for details. Data were analyzed by two-way ANOVA. There was a nearly linear, time-dependent increase in temperature in BAT and rectum (P Ͻ 0.0001). The effect of genotype on BAT and rectal temperature increments was significant at P ϭ 0.01 and P ϭ 0.03, respectively. n ϭ 5 for each genotype.
the two genotypes in either tibialis or soleus were not significant. In both genotypes and both muscles, UCP3 mRNA responded significantly to T 3 treatment, but the response was significantly greater in mGPD Ϫ/Ϫ than in WT mice (Fig. 8, A  and B) . Regarding UCP2, T 3 did not stimulate expression in WT mice, but it did in mGPD Ϫ/Ϫ mice and to a higher level than in WT mice (Fig. 8, C and D) . For mGPD mRNA, WT mice showed the expected changes with thyroid status (15) , and this was not affected by other experimental manipulations (data not shown).
Discussion
We have shown here that mice lacking mGPD have a modest, but significant, reduction in total energy expenditure, as can be judged by both food intake and indirect calorimetry. Reared at 22 C, mGPD Ϫ/Ϫ mice have signs of chronically increased stimulation of BAT, increased BAT responsiveness to NE, elevation of serum T 4 and T 3 , and a 2-fold increase in the level of UCP3 mRNA in muscle, findings altogether suggestive that these animals are under some degree of cold stress. The acclimation of the animals to a temperature slightly over the thermoneutrality temperature for mice (20) reduced or obliterated these differences. Furthermore, as these potential compensatory mechanisms were progressively eliminated by acclimating mice at 32 C and then rendering them hypothyroid, the thermogenic defect of the mGPD Ϫ/Ϫ mice became increasingly evident as revealed by a 2-h exposure to 12 C cold challenge.
A central finding in the present report is that despite a significant increase in plasma thyroid hormone concentrations, mGPD Ϫ/Ϫ mice had no increase, but a modest reduction, in energy expenditure. This is a strong evidence for a role for mGPD in thyroid hormone thermogenesis. This does not contradict the finding by Brown et al. (18) that moderate thyrotoxicosis stimulates QO 2 to the same level in both mGPD-deficient and WT mice. We have here confirmed that mGPD is indeed not essential for such a level of thyroid function to stimulate the metabolic rate. This is probably an indication that supraphysiological levels of thyroid hormone can recruit other thermogenic mechanisms, as will be discussed further. Such results also lend support to the idea that multiple mechanisms participate in thermogenesis, and that they may be recruited in a dose-dependent manner. The participation of several mechanisms in heat production is in agreement with the finding that the deletion of several potentially thermogenic genes is not associated with gross thermogenic defects (21, 45, 46) .
It could be argued that the presence of compensations FIG. 6 . Influence of temperature of acclimation and thyroid status on the core temperature of WT and mGPD Ϫ/Ϫ submitted to an acute 2-h exposure to 12 C. In all cases, core temperature was measured with a flexible rectal probe introduced 2.5 cm in the rectum, as described in Materials and Methods. Mice were matched by weight. A, Mice reared at 22 C. B, The same mice were acclimated for 3 wk to 32 C and then subjected to the cold challenge. C, Mice were made hypothyroid with a low iodine diet containing 0.15% propylthiouracil (see Materials and Methods) and acclimated at 32 C for 3 wk. Statistical significance was determined by two-way ANOVA, followed by Bonferroni's test to compare the means of both genotypes at each time point. A, Neither time at 12 C nor genotype had a significant effect on core temperature. Both variables had a significant effect in B and C (P Ͻ 0.001). For individual time points, **, P Ͻ 0.01; ***, P Ͻ 0.001. Table 2 , as depicted in Fig. 2 , and are shown for reference (P ϭ 0.02). The dose of T 3 was 20 ng/g body weight⅐d for the indicated times on the abscissa. Genotype had no significant effect on the QO 2 of hypothyroid mice or their responses to T 3 .
derives from the smaller size of the mGPD Ϫ/Ϫ mice. It is known that smaller animals have higher thermogenesis per unit of body mass because the surface to volume ratio is higher (20) . However, if this were the case, mGPD Ϫ/Ϫ mice should have higher, not lower, energy expenditure. Besides, in the majority of the experiments the difference in weight between WT and mGPD Ϫ/Ϫ mice was not significant. Anticipating that body size could be a factor in the hypothermia induced by the cold challenge, we were particularly careful to match the animals by weight, which was done without creating a significant difference in age between the two genotypes. Therefore, the magnitude of the cold stress or the resulting hypothermia cannot be attributed to bias in weight or age in these experiments.
BAT is probably the most important site of nonshivering facultative thermogenesis in small mammals. The tissue is highly efficient and is expected to make a significant contribution to overall thermogenesis in small rodents such as mice reared at 22 C, 8 C colder than their thermoneutrality (20, 37) . A measure of BAT contribution to energy expenditure at 22 C was the 26% and 35% reductions in QO 2 in WT and mGPD Ϫ/Ϫ mice, respectively, observed when ambient temperature was raised to 32 C (P Ͻ 0.001 for both genotypes; Fig. 2) , along with the atrophy of the tissue. The greater contribution of BAT to thermogenesis at 22 C in mGPD Ϫ/Ϫ than in WT mice is supported by two observations. First, there was a more vigorous response of BAT to acute NE infusion. This observation, along with histological appearance, density of cells and protein, and a modest, but significant, elevation of UCP, indicate that BAT activity is greater in mGPD Ϫ/Ϫ mice. Second, these mice suffered more profound hypothermia when BAT was rendered quiescent by acclimating them at 32 C and then they were acutely exposed to 12 C for 2 h (Fig. 6) .
As mentioned, animals acclimated to thermoneutrality defend their body temperature with shivering when acutely exposed to cold (44) . The need for shivering relates inversely to obligatory thermogenesis and the capacity of the body to decrease heat dissipation (44) . A failure to curtail heat losses can be excluded as the sole explanation because if that were the case then energy expenditure would be increased, not decreased. Altogether, the reduced energy expenditure of mGPD Ϫ/Ϫ mice at both 22 and 32 C indicates that obligatory thermogenesis is reduced, and the hypothermia observed during acute cold exposure suggests further that shivering is not as efficient in these animals as in the WT mice. Shivering is a form of intense muscle activity, which is expected to generate large amounts of reducing equivalents, the oxidation of which via mGPD produces heat and rapidly generates ATP to support continued shivering. It is likely that of all tissues, muscle thermogenesis is more affected by the lack of mGPD. Not only does muscle contain abundant mGPD, but the malate-aspartate shuttle is of minor importance (9) . We have found that G3P is 2-to 3-fold elevated in muscle, but not in liver, of mGPD Ϫ/Ϫ mice (Alfadda, A., R. A. DosSantos, K. Eto, T. Kadowaki, and J. E. Silva, manuscript in preparation), further supporting the idea of an important role for mGPD in muscle more than in liver. On the other hand, we Ϫ/Ϫ mice. Hypothyroidism induction and duration and T 3 treatments were exactly as described in Fig. 7 . Data were analyzed by ANOVA, followed by Newman-Keuls test for multiple comparisons. Note the low levels of UCP3 mRNA in the hypothyroid mice compared with the levels in euthyroid mice in Fig. 3. have confirmed that the malate-aspartate shuttle is of minor importance in muscle compared with liver, as aminooxyacetate, an inhibitor of the malate-aspartate shuttle (47) , clearly reduces respiration in liver, but not in muscle, with succinate or G3P as substrates (St. Laurent, S., H. Marrif, R. A. DosSantos, and J. E. Silva, manuscript in preparation).
Another important observation in mGPD Ϫ/Ϫ mice was the approximately 20% elevation of serum T 4 and T 3 levels over WT levels when the animals were acclimated to 22 C. The hypothalamic-pituitary-thyroid axis in rodents has been long recognized as sensitive to cold stimulation (48, 49) . Thus, the increase in T 4 and T 3 concentrations seen in mGPD Ϫ/Ϫ mice acclimated at 22 C is also an indication of cold stress. The fact that both T 4 and T 3 are elevated suggests increased thyroidal secretion, but there may be a simultaneous increase in T 4 to T 3 conversion as well. The concentrations of both iodothyronines were temperature dependent, in agreement with being caused by central thyroid stimulation. Although the difference in serum T 4 between the two genotypes ceased to be statistically significant at 32 C, the difference in T 3 persisted, although less pronounced than at 22 C (17% vs. 11% at 32 C), indicating that even at this temperature some degree of thermal adaptation is necessary. The contribution of the higher T 3 level to temperature homeostasis is supported by the more profound hypothermia the mGPD Ϫ/Ϫ than in WT mice when rendered hypothyroid.
One thermogenic mechanism that could possibly compensate for the lack of mGPD is UCP3. Deletion of the UCP3 gene by Gong et al. (21) was not associated with a gross thermogenic defect, and the temperature and QO 2 responses to T 3 were preserved. However, this group apparently did not investigate the possibility of compensatory responses to the lack of UCP3 (21), so that this protein, for reasons explained above, cannot be excluded as participating in thyroid hormone thermogenesis. The positive responses of the gene to cold, ␤-adrenergic agonists, and thyroid hormone favor a role for UCP3 in thermogenesis (50) ; hence, the increase in its mRNA in mGPD Ϫ/Ϫ mice should be considered another possible compensation. Other investigators, notably de Lange et al. (35) and Lanni et al. (51) , have found a close correlation between UCP3 and thyroid hormone stimulation of QO 2 . Not only UCP3 mRNA, but also the protein, were elevated about 2-fold in mGPD Ϫ/Ϫ mice in the studies here reported. Moreover, the level of UCP3 mRNA is temperature dependent, and the increase in this mRNA in mGPD Ϫ/Ϫ mice is thyroid hormone dependent. Hypothyroidism caused a reduction in UCP3 mRNA to an equally low level in both genotypes, whereas the treatment with T 3 was associated with a vigorous response of this mRNA, which was significantly greater in mGPD Ϫ/Ϫ mice. Such responses suggest that thyroid hormone is essential for the expression of the gene and that its effect may be potentiated by another factor, presumably the sympathetic nervous system (50, 52) . Regarding UCP2, the same reasoning applies. Even though no gross thermogenic defect has been reported in UCP2-deficient mice (45, 46) , it cannot be excluded on these bases that UCP2 and its greater stimulation by T 3 in mGPD Ϫ/Ϫ mice are playing a role in reducing the impact of mGPD deficiency. Although free fatty acids can stimulate the expression of both UCP2 and UCP3 (53, 54) , such a mechanism is unlikely to play any role in the increased responsiveness to T 3 of UCP2 and UCP3 or in the baseline elevation of UCP3 mRNA and protein. Thus, FFA serum levels were not significantly affected by the genotype, nor did they increase more in response to T 3 in mGPD Ϫ/Ϫ mice (data not shown). Sympathetic activity and responsiveness to catecholamines, on the other hand, are known to be enhanced in the muscles of animals undergoing cold stress (55, 56) as may be the case in mGPD Ϫ/Ϫ mice acclimated at 22 C. To establish the mechanism of the elevation of UCP3 and the increased response to thyroid hormone in mGPD Ϫ/Ϫ mice certainly requires further systematic investigation.
In summary, the experimental results presented here suggest that mGPD plays a significant role in temperature homeostasis. Such a role is evidenced by a slight reduction in energy expenditure and the recruitment of several potentially compensatory mechanisms, such as chronic sympathetic stimulation of BAT, increased concentrations of T 4 and T 3 , as well as increased UCP3 gene expression in skeletal muscle. The reduced energy expenditure despite an elevation of plasma thyroid hormone concentrations supports a role for the enzyme in the thermogenesis induced by physiological levels of thyroid hormones. The functional obliteration of BAT, as in acclimation to thermoneutrality, is associated with a reduced capacity of mGPD Ϫ/Ϫ mice to tolerate moderate cold for 2 h, strongly supporting the idea that there is a compensated thermogenic defect.
